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ABSTRACT
Sedimentology and Stratigraphy of the Middle Jurassic Preuss Sandstone
in Northern Utah and Eastern Idaho
Preston Scott Cook
Department of Geology, BYU
Master of Science
The purpose of this study is to analyze the sedimentology and stratigraphy of the Middle Jurassic
Preuss Sandstone and re-evaluate past sedimentological interpretations. The Preuss is located in northern
Utah, western Wyoming and eastern Idaho and is stratigraphically equivalent to the Entrada Sandstone,
which is Callovian in age (Dossett et al., 2014). This study is the first attempt at 1) a sequence
stratigraphic framework, 2) a petroleum system analysis and 3) an extraterrestrial analog study for the
Preuss. This study frames the Preuss within three broad facies groups: marine, coastal and terrestrial. The
marine group includes the open marine and restricted marine facies with associated subfacies, the coastal
group includes coastal sabkha and associated subfacies, and the terrestrial group includes alluvial, inland
sabkha and eolian facies with associated subfacies.
Three sections in northern Utah and one section in eastern Idaho compromise the focus of this
study. The three Utah sections were measured and described, and samples were collected from two Utah
sections and the Idaho section. The Preuss Sandstone was deposited in an asymmetrical retroarc basin,
consequently the Preuss thickens from the east towards west-central Utah and the Jurassic Elko highlands.
The deposits are mostly terrestrial, which is in accord with recent sedimentological interpretations, but at
odds with the old paradigm, which postulates that the Entrada and Preuss were largely tidal in origin.
There are marine transgressions within the trough of the retroarc basin, and the transgressions affect
terrestrial sedimentary patterns. During marine incurstions, alluvium shed off the highlands is confined
west of the seaway, and does not prograde east of the trough until all the available accommodation is
filled. The Preuss was deposited during a complete third-order sequence-stratigraphic cycle that lies
within the Lower Zuni II second-order lowstand.
The Preuss Sandstone can be used as an outcrop analog for ancient and modern environments
both here on Earth and on other planetary bodies. The petroliferous Norphlet Formation along the U.S.
Gulf Coast was deposited in an environment very similar to the Preuss, but the Waltherian succession of
facies might be slightly different. Likewise, the facies present in the Preuss are analogous to modern arid
environments, such as the Persian Gulf. Furthermore, the alluvial, sabkha, eolian and shallow marine
facies of the Preuss are highly similar to facies observed in ancient Martian environments and modern
environments on Saturn’s moon, Titan.

Keywords: Preuss Sandstone, Entrada Sandstone, Jurassic, Callovian, stratigraphy, sedimentology,
sequence stratigraphy, facies analysis, paleogeography, Norphlet Formation, Mars, Titan, Saturn, moon,
petroleum, oil, gas, Utah, Idaho, Wyoming
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1. INTRODUCTION
1.1 Stratigraphy and Sedimentology
The Middle Jurassic Preuss Sandstone can be found in northern Utah, western Wyoming and
eastern Idaho, and is chronostratigraphically equivalent to the Entrada Sandstone. The Preuss and Entrada
were deposited during the late highstand and lowstand systems tracts of a second-order sequence (Perkes,
2010; Dossett, 2014; Jennings, 2014). It underlies the J-3 unconformity, a major second-order sequence
boundary and the Stump Formation, which records a second order transgression. The Preuss conformably
overlies the Twin Creek Limestone, which is called the Carmel Formation in the Colorado Plateau (Figure
1) (Imlay, 1950; Imlay 1952; Hileman, 1973; Kocurek, 1980). The Carmel and Twin Creek formation are
separated from lower formations by the J-2 unconformity, another second-order sequence boundary
(Figure 1). Like its litho- and chronostratigraphic equivalent Entrada Sandstone, the Preuss thickens from
eastern Utah to west-central Utah (Imlay, 1950). It is generally accepted that the Entrada was deposited
during the Middle Jurassic Epoch (Callovian Age) in a retroarc foreland basin that occupied most of the
mountain west and the western plains (Hileman, 1973; Peterson, 1988; Peterson, 1994; DeCelles &
Currie, 1996; Dickinson & Gehrels, 2003; Hintze & Kowallis, 2009; Dossett, 2014). The exact age of the
Preuss is unclear due to a lack of preserved fossils and chronostratigraphic studies; however, it is
stratigraphically equivalent to the Entrada, which has been dated (Hileman, 1973; Hintze & Kowallis,
2009; Dossett, 2014). For the purposes of this study, we assume the Preuss Sandstone in northern Utah to
be coeval the Entrada Sandstone (i.e. Callovian Age), as dated by Dosset (2014). Further north and east in
Wyoming, the Preuss Sandstone correlates to the Lak Member of the Lower Sundance Formation
(Pipiringos, 1953; Rautman, 1975) (Figure 2).
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Figure 1. Stratigraphic column for the Middle and early Late Jurassic Epoch for northern Utah. Relative unit
thicknesses and colors are approximate and vary from location to location.

Figure 2. Stratigraphic correlation chart for the Preuss Sandstone and related formations.
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The volumetrically dominant facies of the Preuss Sandstone are reddish mudstones with relatively
thin beds of sandstone and siltstone. In the Entrada Sandstone this facies has been called the “earthy
facies” (Smith, 1976; Hicks et al., 2010), and its origin has been debated (Smith, 1976; Mariño & Morris,
1996; Hicks et al., 2010; Perkes & Morris, 2011; Jennings, 2014). Originally, the earthy facies were
interpreted to be marine (Imlay, 1952; Smith, 1976), based primarily on a thick limestone unit
interbedded with the earthy facies in Wolverine Canyon, Idaho (Imlay, 1952). The red mudstones of the
earthy facies surrounding the limestone unit are generally nondescript and devoid of fossils, and were
understandably interpreted to be an ancient tidal mudflat. Most subsequent research was biased by this
initial research (Hileman, 1973; Smith, 1976; Kocurek, 1980; Peterson, 1994; Hicks et al., 2010).
Additional sedimentological analysis (Jennings, 2014; Valenza & Morris, 2014) suggests that most of the
earthy facies of the Entrada Sandstone, which has traditionally been interpreted as shallow tidal deposits
(Smith, 1976; Hicks et al., 2010), primarily represents alluvial and inland sabkha environments. This new
hypothesis helps address problems inherent in the old hypothesis, such as the lack of fossils, general
homogeneity, and lack of fall in sea level during a major regional Jurassic lowstand (Pipiringos, 1953;
Rautman, 1975).
Earlier research in the Preuss (Imlay, 1952; Hileman, 1973; Kocurek, 1980) mentions four major
facies: earthy, marine, eolian and restricted marine facies although the restricted marine facies has not
been observed in outcrop. We divide the earthy facies into two separate facies, alluvial and inland sabkha.
We also predict the presence of an altogether new facies, the coastal sabkha; though it has not yet been
observed in outcrop (Figure 3). These six facies are grouped into three different facies groups: terrestrial,
coastal and marine.
No previous chronostratigraphic interpretations have been made in the Preuss Sandstone;
however, there have been chronostratigraphic studies in the Entrada Sandstone (Perkes, 2010; Hicks et al.,
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2010; Dossett, 2014; Jennings, 2014). The Preuss Sandstone in north-central Utah includes marine and
proximal-marine rocks, which are more useful in interpreting significant sequence-stratigraphic surfaces
than the more terrestrial rocks of the Colorado Plateau.

Figure 3. Block diagram of facies for the Preuss Sandstone. Facies 4 is separated from facies 5 & 6 when a
seaway is present. Facies 2 (restricted marine) would replace Facies one when circulation with open marine
waters was restricted.

1.2 Tectonic Setting
Middle Jurassic strata in Utah were deposited in a retroarc foreland basin that stretched from
Arizona to the Canadian Border, and as far east as Kansas and Nebraska (Kocurek & Dott, 1983;
4

Peterson, 1994; Blakey & Ranney, 2008). Within the retroarc foreland basin, the fastest subsidence
occurred in the Utah-Idaho trough, which runs through central Utah and eastern Idaho (Peterson, 1994).
Consequently, Middle Jurassic strata are thickest in the trough and thin to the east. On its western edge,
the retroarc basin was bounded by the Elko orogenic belt, an active magmatic arc that was the principle
source of alluvial sediment during the Callovian Age (Busby-Spera, 1988; Thorman, 2011; Jennings,
2014). The Ancestral Rockies and remnant Uncompaghre uplift could have contributed sediment to the
broader retroarc basin. Strata preserved in the retroarc basin record two second-order transgressiveregressive cycles of the Sundance Sea, a major epieric Jurassic seaway (Peterson, 1994). The beds of the
Preuss Sandstone outside of the Utah-Idaho trough are terrestrial, with some marine strata being deposited
within the trough. Terrestrial deposition during the Callovian Age occurred in an arid climate and
included ergs, inland sabkhas and alluvial plains (Jennings, 2014). The Sundance Sea was sediment
starved and restricted at times. The interbedded nature of marine shale, fossiliferous limestons, salt and
sabkha siltstone and mudstone reflect the dynamic nature of the shallow seaway (Sprinkel, 1982; Brenner
& Peterson, 1994). The Sundance Sea’s connection with the paleo Pacific Ocean was episodic, but when
connected, it met the paleo-Pacific Ocean via a seaway north of the Boulder High in Montana (Imlay,
1952; Imlay, 1980; Brenner & Peterson, 1994).

2. METHODS
We studied the sedimentology and stratigraphy of selected Preuss Sandstone outcrops. Each of the
Utah sections represents a different position within the retroarc basin; therefore, each section has a
distinct set of facies which are useful in determining its depositional environment.

2.1 Measured Sections
Four sections compromise the core of this study: one near Peoa, Utah, one near Hanna, Utah, one
near Manila, Utah, and one in Wolverine Canyon, southeast Idaho (Figure 4). The principal challenge of
studying the Preuss is exposure quality. The Preuss is predominantly mudstone, resulting in recessive
5

outcrops and washout. The nature of research conducted at each section varied in accordance with outcrop
quality. The Manila, Hanna and Peoa sections were all measured previously by Gary Kocurek (1980);
however, descriptions for all facies are poor to nonexistent except for the eolian facies. During this study
we measured the Manila, Hanna and Peoa sections with a Jacobs’s staff. The unit descriptions included
rock type, color, bedding, geomorphic expression, lateral extent, nature of the basal contact, sedimentary
structures and other relevant features. The Wolverine Canyon section was not measured due to poor
outcrop quality, but we checked the sparse exposures against Imlay’s description (Imlay, 1952). Samples
were collected from Manila, Peoa and Wolverine Canyon, but not at Hanna due to permitting restrictions.

Figure 4. Reference map of Preuss Sandstone sections studied in this project. The Peoa, Hanna and Manila
sections were measured. The Wolverine Canyon section was not measured due to poor exposure quality
(Image from Google Earth).

6

2.1.3 Peoa
The Peoa Section is located in the NE ¼ of NW ¼ of S14 T1S R5E and the S ½ of the SW ¼ of
S11 T1S R5E, 1.7 km north of Peoa (Figure 5). Of the measured sections, exposure at Peoa is the poorest.
Large intervals of the section are covered by Holocene detritus and colluvium, but due to its location in
the Utah-Idaho trough, it contains facies that are absent in the other sections of the Preuss in Utah.

Figure 5. Reference map for the Peoa Section. The bedrock is nearly vertical in this section and up-section is
to the north. The Twin Creek Limestone lies south of the blue line. The Stump Formation lies north of the
blue line (Image from Google Earth).

2.1.2 Hanna
The Hanna Section is located in the E ½ of S1, T1S R8W and the W ½ of S6 T1S R7W (about 4
km WNW of Hanna) (Figure 6). No samples were collected from this section in accordance with Ute
Tribal regulations. The section is complete, but exposure quality is variable. Quality generally improves
towards the top of the section.
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Figure 6. Reference map for the Hanna section. The light blue line shows the path we walked while measuring
the section. The bedrock in the Hanna section is dipping to the south, and up section is to the south. The gray
rocks to the north of our section are the Twin Creek Limestone. The thin gray band to the south of the section
is the Stump Formation (Image from Google Earth).

2.1.1 Manila
The Manila section is on the north side of a bend in Highway 44, 8.5 km (5.3 mi) south of the
intersection of Highway 44 & 43 in Manila, UT (Figure 7). Of the four sections Manila is the best
exposed (Figure 8). As a complete and relatively well-exposed section we decided to collect
scintillometer data (Appendix 7.3.1). Radiation measurements were gathered every half meter using a
Radiation Solutions RS-230 Super Spec. The RS-230 measures potassium (%), uranium (ppm) and
thorium (ppm). The concentrations were then converted to API Gamma Ray units using the following
equation:
𝐴𝑃𝐼 = (16 × 𝐾) + (8 × 𝑈) + (4 × 𝑇ℎ)
Section height and API units were then used to create a synthetic gamma ray log. The synthetic log can be
used for subsurface correlation in future studies.
8

Figure 7. Reference map for the Manila section. The light blue line shows the approximate path taken while
measuring the section. The exact path is too small to resolve at this scale. The bedrock in the Manila section
dips slightly to the north, and up section is north. The grey cliff-forming unit just north of the section is the
Stump Formation. At the location where we measured, State Highway 44 cuts roughly along strike through
the middle of the Twin Creek Limestone (Image from Google Earth).

Figure 8. Photograph of the Manila Section, the best exposed section in the study area. The grey and pinkishred beds near the road belong to the Twin Creek Limestone. The red slope forming units and the buff cliff
forming sandstones in the middle of the exposure are the Preuss Sandstone. The ledge at the top of the ridge
and the grey beds beneath it are part of the Stump Formation.
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2.1.4 Wolverine Canyon
The Wolverine Canyon section is located in the SW ¼ and SE ¼ of SW ¼ of S27 T1S R39E in
Idaho (Figure 9). The section was originally described by Imlay (1952), but without a detailed section
description. The old logging road that Imlay traversed while describing his section has since washed out;
consequently, the exposure is now very poor. Even so, Imlay’s work in the Wolverine Canyon Section
does point out major facies, which is useful in understanding the evolution of facies through time. We
confirmed the presence of marine limestones that Imlay (1952) described.
The Wolverine Canyon section can be accessed by a short hike that starts on Sellars Creek Road
half a kilometer from where it turns into Wolverine Road. Wolverine Road can be accessed from
highway 91 two kilometers south of Firth.
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Figure 9. Reference map for the Wolverine Canyon section. At the Wolverine Canyon section the bedrock
dips to the northwest and up section is to the northwest. The section is located near the Wolverine Canyon
Campground in the Blackfoot Mountains (Image from Google Earth).

2.2 Sample Analysis
From our field samples we selected 14 that represent different facies and subfacies and had thin
sections made for each. The sections were prepared at 30 µm with blue epoxy to highlight porosity. Each
thin section is described below based on lithology, texture, composition and porosity.
Using some of the same samples and new samples from the Manila section, we cut 14 one inch
diameter plugs and measured permeability in a Core Lab Ultra-Perm 500 and porosity in a Core Lab
Ultrapore 300. Plugs were taken vertically through the samples in order to best replicate real-world
permeability values. The data were then compiled and plotted on a cross-plot for comparison (Appendix
7.3.2, Figure B).
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3. RESULTS
3.1 Measured Sections
Each of the three measured sections in Utah represents a distinct position within the larger
retroarc basin. The Peoa section is situated in the eastern edge of the Utah-Idaho trough, and is the most
basinward of the sections (Figure 4). The Hanna section represents strata deposited just outside the
eastern edge of the trough. The Manila section is situated even further east and I the most landward
section. The thickness of the sections supports existing models for an asymmetrical retroarc basin. The
Peoa section is the thickest at 373 m. The Hanna section is 232 m thick and the Manila section is 69 m
thick. This is congruent with maximum rates of subsidence occurring adjacent to the Elko orogenic belt.
Each section has a distinct suite of facies associated with its position in the retroarc basin.
3.1.1 Peoa
The Peoa section is 373 meters thick, which is a typical thickness for the Preuss/Twist Gulch
formations within the trough (Hintze & Kowallis, 2009). It is the only Utah section we studied that had
open marine facies, though the open marine facies have been described in the subsurface (Maher, 1976;
Sprinkel, 1982; Brenner & Peterson, 1994) and in northern outcrops of the Preuss Sandstone, including
the Wolverine Canyon section (Imlay, 1952; Hileman, 1973). In this section, ledge- and cliff-forming
units are over-represented. Softer slope-forming units like inland sabkha, volcanic ash or marine shale
units are mostly covered by Tertiary alluvium (Appendix 7.1.1).
Observations
The base of the Preuss Sandstone in Peoa is covered by Tertiary alluvium, and it could be as
much as 20m further down section the base of our measured section. Large intervals of the section are
covered by Tertiary alluvium with some individual Preuss outcrops separated by tens of meters of alluvial
cover. The lower units in Peoa are alluvial sandstones, siltstones and mudstones interbedded with
disturbed and/or wispy mudstones (Appendix 7.1.1, units 1-17). The alluvial units are a mix of
12

channelized sandstone and siltstone deposits and laterally extensive thin-bedded siltstone and mudstone
deposits. The middle of the section consists of glauconitic sandstones and fossiliferous limestones
(Appendix 7.1.1, units 19-29). The middle units are capped by sandstone beds similar to those in the
lower section (Appendix 7.1.1, units 31-49). The contact with the Stump Formation is scoured and
erosional. Here the Stump is the typical light olive gray color, but is uncharacteristically conglomeratic as
opposed to its usual sandy or muddy grain size (Appendix 7.1.1, unit 51). Fossils are also unusually
sparse in this part of the Stump.
Interpretations
The channelized and sheet-like sandstone and siltstone deposits in the lower and upper parts of
the section are interpreted as the alluvial facies (Appendix 7.1.1, units 1-17, 31-49). Amalgamated
channels are rare, and the alluvium seems to have a low sand-to-mud ratio. This suggests that the
channels were part of the medial distributary band in a large terminal fan. The laterally extensive sheetsands represent the unconfined sheetflood deposits typical of distal terminal fans (Fisher et al., 2008).
The disturbed wispy beds in the lower Preuss are very typical of inland sabkha deposits
(Appendix 7.1.1, units 6, 10 & 12; Appendix 7.2, Facies 3) (Glennie, 1970; Jennings, 2014; Valenza &
Morris, 2014). It is likely that there are more inland sabkha beds buried beneath the Tertiary alluvium.
The glauconitic sandstones and fossiliferous limestones from the middle of the section denote an
open marine depositional environment (Appendix 7.1.1, units 19-29). The limestone units are comprised
of skeletal wackestone. Sparse ostracods are suspended in clotted microbial muds (Figure 10, photo B).
Oncoids are also present, especially near the base (Figure 10, photo D). The glauconitic sandstone beds
are also fossiliferous (<10%). In the sandstones, the fossils are exclusively echinoid fragments (Figure 10,
photo A).
Based on the exposure at Peoa, it appears that the Sundance Sea was at a relative lowstand during
deposition of the lower part of the section as evidenced by the alluvial sandstones. The marine beds in the
13

middle of the section were deposited during a highstand. Finally, the alluvial sandstone beds at the top of
the section are good evidence for another lowstand.
Of the Utah sections, Peoa contains the broadest assemblage of facies. This is the only Utah
section that contains the open marine facies. The Peoa section also contains the alluvial and sabkha facies
of the terrestrial group. It is possible that the coastal group deposits are preferentially covered by Tertiary
alluvium.

Figure 10. Photomicrographs from the open marine facies of the Preuss Sandstone from the Peoa section. (A)
Photomicrograph of sample U-P-3, a marine siltstone. Gc = glauconite. Echinoid fragments constitute
approximately 3% of the thin section. (B) Photomicrograph of sample U-P-4, a marine limestone. Ost =
ostracod. Includes calcite-filled fractures, clotted texture and fossils. (C) Photomicrograph of sample U-P-4.
Calcite-replaced marine fossil. (D) Photomicrograph of sample U-P-4. Microbial coating on lithoclast. U =
Utah, P = Peoa.
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3.1.2 Hanna
The Hanna section is located just outside the western margin of the Utah-Idaho trough (Figure 4).
The section is 232 meters thick, roughly two-thirds the thickness of the Peoa section. The Hanna section
seems to be completely terrestrial. The exposure quality is highly variable, and generally improves toward
the top (Appendix 7.1.2).
Observations
At the Hanna section the base of the Preuss was determined lithologically (Appendix 7.1.2, units
1-3). The lower beds are differentiated from the Twin Creek Formation by the absence of primary
gypsum beds and the presence of terrestrial sandstones. The lower beds are very fine sandstones
interbedded with laminated, slope-forming siltstones. At unit 4 (Appendix 7.1.2) there is an abrupt color
and lithology change. Thick, homogeneous rusty red- and maroon-colored disturbed mudstones, siltstones
and sandstones dominates the next part of the section (Appendix 7.1.2, units 4-9). Unit 10 marks another
abrupt lithology change, and the wispy, disturbed beds give way to interbedded siltstone, sandstone,
mudstone and ash (Appendix 7.1.2, units 10-35). The sandstone and siltstone are usually planar
laminated, but occasionally there are high flow-regime dune and anti-dune deposits (Appendix 7.2; Facies
4c). Units 36 and 37 make up a 1.8 meter thick interval of medium-grained sandstone that is massive at its
base and exhibits high angle trough-cross stratification throughout the rest of the unit (Appendix 7.1.2,
units 36 & 37). At 207 meters the lithology switches back to interbedded sandstone, siltstone and
mudstone with planar laminations, ripple laminations and rip-up clasts (Appendix 7.1.2, units 38-49).
Interpretations
Units 1 through 3 are interpreted as part of the unconfined sheetflood subfacies of the alluvial
facies (Appendix 7.1.2; Appendix 7.2, Facies 4c). The abrupt color and lithology change at unit 4 marks
the beginning of inland sabkha deposition (Appendix 7.2, Facies 5), which continues through unit 8
(Appendix 7.1.2, units 4-9). The unit overlying the inland sabkha facies is the same as the basal unit, and
is interpreted as representing the same sheetflood subfacies (Appendix 7.1.2, units 10-35). Units 36 and
15

37 are assigned to the eolian facies (Figure 3). The basal massive sandstone bed of this unit is from the
sand-sheet subfacies (Appendix 7.2; Facies 6b), and the trough-cross stratified portion is part of the dune
subfacies (Appendix 7.2; Facies 6a). The beds lying on top of the eolian unit are very similar to the other
alluvial units (Appendix 7.1.2, units 38-49).
We were unable to collect samples from the Hanna section. Thin sections from the alluvial units
might reveal glauconite or fossil fragments, and change the interpretations. However, based on field
observations it is most prudent to interpret them as alluvial facies. Our interpretation is based on a general
lack of macrofossils and trace fossils as well as a lack of marine bed relationships. The sandstones are
stacked chaotically, indicating deposition in a variable-energy alluvial system. The sandstones are
atypical of a shoreface.
The basal alluvial beds in the Hanna section likely correlate with the basal alluvial beds of the
Peoa section. The thick inland sabkha unit in the middle occupies the same stratigraphic position as the
open marine facies in the Peoa section. The lack of alluvial beds interbedded with the inland sabkha
deposits suggests that the seaway in Peoa accommodated the alluvium shed from the highlands to the
west, allowing the inland sabkha facies to dominate the middle of the Hanna section. The top portion of
the Hanna section represents a return to normal terrestrial facies relationships when the sea retreated.
The Hanna section is comprised of beds we interpret as being completely from the terrestrial
group. The section is positioned far enough outside of the trough to keep it away from marine
transgressions; however, it is close enough to the Elko highlands to receive significant alluvial input when
accommodation in the trough is filled.
3.1.3 Manila
The Manila section is located east of the main depocenter of the backarc basin. At only 69
meters, the thickness of this section reflects its position in the basin far east of the trough. Here the rate of
subsidence was much lower and the environment was completely terrestrial. The exposure quality is
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generally good for this section with the exception of the upper unit, which is mostly covered by talus from
the overlying cliffs of the Stump Formation.
Observations
At the Manila section the base of the Preuss Sandstone is drawn at the base of a laterally
extensive moderate orange pink sandstone (Appendix 7.1.3, unit 14) that lies above gypsum, limestone
and finely laminated shale and siltstone of the upper Twin Creek (Appendix 7.1.3, units 1-13). This basal
sandstone is massive and 1.5 meters thick. Despite its friable nature, it forms a notable ledge along the
whole outcrop. Directly on top of this sandstone is a thick interval of wispy, disturbed beds of very fine
sandstone (Appendix 7.1.3, units 15 & 16). Above the disturbed beds are more massive, very thick
bedded sandstone. The sandstone is periodically interbedded with thin mudstone that exhibit soft
sediment deformation (Appendix 7.1.3, units 17-22). A very pronounced cliff-forming sandstone sits on
top of the interbedded sandstone and mudstone (Figure 8; Appendix 7.1.3, unit 23). The basal three
meters of the cliff-forming sandstone display wavy, fuzzy laminations that are very different from the
wispy, disturbed laminae typical of some Preuss mudstone (Appendix 7.2; Facies 6a; upper photo). The
top nine meters of the cliff-forming sandstone display high-angle trough-cross stratification (Appendix
7.2; Facies 6a; lower photo). On top of the major cliff-forming sandstone there is a thin, recessive
mudstone break followed by more sandstone (Appendix 7.1.3, units 24-27). The sandstone abruptly gives
way to pale reddish-brown to dusky red mudstone. The mudstone is very poorly cemented and bedding
was typically wispy and disturbed (Appendix 7.1.3, units 28-32). The mudstone is relatively
homogeneous, but grades into an unconsolidated massive sandstone (Appendix 7.1.3, unit 32). The
sandstone continues all the way to the contact with the Stump Formation (Appendix 7.1.3, unit 33). In
Manila, the base of the Stump is marked by an abrupt color and facies change to greenish-gray marine
shale. The basal Stump shale is overlain by greenish-gray fossiliferous limestone interbedded with shale
(Figure 8).
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Interpretations
The basal massive sandstone in the section is assigned to the sand-sheet subfacies of the eolian
facies (Appendix 7.1.3, unit 14; Appendix 7.2; Facies 6b). The wispy, disturbed very fine sandstone beds
represent the inland sabkha facies (Appendix 7.1.3, units 15 & 16; Appendix 7.2; Facies 5). The
interbedded massive sandstone and siltstone beds that overly the inland sabkha are interpreted to be part
of the eolian facies (Appendix 7.1.3, units 17-22). The massive sandstone beds are part of the sand-sheet
subfacies and the siltstone beds are part of the loess subfacies (Appendix 7.2; Facies 6b and 6c). The
pronounced cliff-forming sandstone is also part of the eolian facies and represents the dune/interdune
subfacies (Appendix 7.1.3, unit 23; Appendix 7.2; Facies 6a). The wavy laminae of the cliff-forming
sandstone are algal mats from the interdune (Appendix 7.2; Facies 6a; upper photo), and the high angle
trough cross-stratified beds are from the dune itself (Appendix 7.2; Facies 6a; lower photo). The
mudstone break is interpreted as a loess deposit (Appendix 7.2; Facies 6c), and the sandstones that sit on
top are interpreted as being another finger of the dune/interdune facies (Appendix 7.1.3, units 24-27;
Appendix 7.2; Facies 6a). Finally, the homogeneous pale-reddish brown to dusky red mudstones and
unconsolidated sandstone are representative of the inland sabkha facies (Appendix 7.1.3, units 27-32;
Appendix 7.2; Facies 5).
The terrestrial facies group is the only facies group represented in the Manila section. It is too far
east of the highlands for alluvial deposition, and consequently it is impossible to develop a sequence
framework at the Manila section.
3.1.4 Wolverine Canyon
Like the Peoa section, the Wolverine Canyon section is located in the Utah-Idaho trough. It is 317
meters thick (Imlay, 1952). Here the open marine facies are well represented, which is to be expected as
marine influence within the trough increases to the north. This section was measured along a logging road
by Ralph Imlay (1952). Since it was last measured the road has washed out, and only the most resistant
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beds are still exposed. For this section we decided that Imlay’s 1952 section description would be
sufficient and more accurate than any modern section description due to poor exposure quality.
Observations
Imlay (1952) picks the base of the Preuss when there is an increase in sandiness of beds, a color
change, the absence of primary calcareous material and an absence of fossils. The lower unit is poorly
described by Imlay, but he mentions fine-grained sandstone interbedded with siltstone. He also mentions
a bed of green tuff that occurs locally. On top of the lower unit lies a series of limestone beds. There are
oolites, cross-bedded limestones, and very thin to medium-bedded limestones. The limestone bed right
below the 110 meter mark contains fossils. There is one very thin-bedded, very fine-grained light
yellowish gray to pinkish gray sandstone interbed. Directly on top of the limestone beds is another
sandstone bed. It is poorly described, but he mentions that it is very fine-grained with a few beds of
medium-grained sandstone.
Interpretations
Imlay’s unit descriptions make it difficult to determine what facies the upper and lower red beds
represent. It is my interpretation that they represent the alluvial facies. This interpretation is based on the
presence of interbedded siltstone and sandstone, which is a characteristic of the alluvial facies. The
reddish color and sandy nature are typical of the facies from the terrestrial environment, which is the most
important interpretation when dealing with sequence stratigraphy. The middle limestone unit was
deposited in the marine environment. It mostly represents the marine limestone subfacies with one bed of
marine sandstone.

3.2

Depositional Environments, Facies and Facies Successions

The Preuss Sandstone is poorly represented in literature, and there have been few attempts at
understanding the depositional environment for these enigmatic redbeds. Only one study (Imlay, 1952)
objectively addresses the depositional environment of the Preuss Sandstone. Imlay’s (1952) marine
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hypothesis was based only on the Wolverine Canyon section. Imlay’s assertion that the Preuss Sandstone
was deposited in a marine environment is correct for the limestone units in the section; however, he
postulates that the redbeds were also deposited in a marine environment. He cites the homogeneity and
lack of cross-bedding or ripple laminations as evidence for deposition in calm, quiet waters (Imlay, 1952).
The Wolverine Canyon section is situated in the Utah-Idaho trough, the foredeep of the larger retroarc
basin and the only part of the basin where subsidence outpaced sedimentation to such a degree that
marine incursions were possible. The overwhelming majority of the research conducted in the
Preuss/Entrada system has been conducted outside the foredeep where subsidence could not outpace
sedimentation. Imlay’s marine origin hypothesis works for certain beds within the Utah-Idaho trough, but
it’s an incomplete model that doesn’t fit the rest of the retroarc basin.
Others who studied the Preuss/Entrada system after Imlay fit their interpretations to Imlay’s UtahIdaho trough depositional model (Hileman, 1973; Kocurek & Dott, 1983; Mariño, 1992; Peterson, 1994;
Crabaugh & Kocurek, 1993; Carr-Crabaugh & Kocurek, 1998; Monn, 2006; Makechnie, 2010; Hicks et
al., 2010). They generally postulate that the redbeds were deposited in a tidal flat or shallow marine
environment even though they were describing rocks far from the center of the Utah-Idaho trough. Much
of that research was focused in the Colorado Plateau, which would have been outside of the Utah-Idaho
trough during the Callovian Age. Here subsidence was much slower, and sedimentation could fill any
new accommodation, resulting in a terrestrial depositional environment. Recent sedimentological studies
in the Preuss Sandstone support a different, more terrestrial depositional model for the Preuss/Entrada
system (Jennings 2014; Valenza & Morris, 2014).
Jennings (2014) outlines three major facies in the Entrada Sandstone: eolian, alluvial, and sabkha as
well as seven subfacies. The Preuss Sandstone shares these three facies, but also includes open marine
deposits. Furthermore, thick subsurface salt deposits have been described in the Preuss (Mansfield, 1927;
Imlay, 1952; Hileman, 1973; Lelek, 1982; Coogan & Yonkee, 1985; White et al., 1990; Hintze &
Kowallis, 2009), but are absent in the Entrada Sandstone. Our sedimentological evidence in the Preuss
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Sandstone support the new depositional model, which is the redbeds of the Preuss Sandstone were
deposited in a variety of arid terrestrial environments, including alluvial, inland sabkha and eolian. Even
within the Utah-Idaho trough, deposition was often terrestrial, suggesting that at times sedimentation
outpaced subsidence even in the foredeep. This model is new and imperfect, but it is better for explaining
all of the facies relationships, common sedimentary structures, tectonic setting and sequence stratigraphy
of the Preuss Sandstone.
We subdivide the Preuss Sandstone into six facies: eolian, alluvial, inland sabkha, coastal sabkha,
open marine and restricted marine (Figure 3). Each of these facies is placed in one of three broad facies
groups: marine, coastal and terrestrial. These facies were differentiated in literature and outcrop based
primarily on lithology, sedimentary structures and fossils and augmented by sedimentary petrology
(Appendix 7.2).
3.2.1 Marine Facies Group
Facies 1: Open Marine
The open marine facies in the Preuss Sandstone is limited to the Utah-Idaho trough. Fossiliferous
limestone beds and sandstone with significant amounts of marine fossils and/or glauconite are observed in
the Peoa section and western sections of the Preuss Sandstone (Maher, 1976). Some hypothesize that
further basinward, the shallow-water limestone and sandstone transition into marine shale (Imlay, 1964;
Sprinkel, 1982; Brenner & Peterson, 1994).
A prograding Waltherian succession of the open marine facies in the Preuss Sandstone would be
marine shale at the base (Appendix 7.2, subfacies 1a) overlain by fossiliferous carbonate (Appendix 7.2,
subfacies 1b) and finally capped with marine sandstone (Figure 11; Appendix 7.2, subfacies 1c). In the
Preuss, marine shale would only exist in the deepest part of the Utah-Idaho trough, and any open marine
subfacies higher in the section would be limestone or sandstone, due to an overall regression during
Preuss time (Brenner & Peterson, 1994).
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Facies 2: Restricted Marine
Salt in the lower Preuss Sandstone is well documented in the Sevier fold and thrust belt of
northern Utah, eastern Idaho and western Wyoming (Mansfield, 1927; Imlay, 1952; Hileman, 1973;
Lelek, 1982; Coogan & Yonkee, 1985; White et al., 1990; Hintze & Kowallis, 2009). In our study area
there are no surface expressions of salt, but there are salt springs and dissolution valleys along the
southern Idaho-Wyoming border. Salt can be very thick or thin to non-existent due to diapirism and
structural deformation associated with Sevier thrusting (Hintze & Kowallis, 2009). Dark grey to black
shales lie beneath the salt zone of the Preuss, and reach thicknesses of 300 meters beneath Coalville,
Utah. These lower shale units are thought to be the equivalent of the Arapien Shale in central Utah
(Imlay, 1964; Maher, 1976; Sprinkel, 1982; Brenner & Peterson, 1994).
Salt deposits are associated with a restriction of the Sundance Sea. It has been postulated that this
restriction is the result of tectonic uplift associated with the Boulder High in Montana, as opposed to
eustacy (Imlay, 1952; Imlay, 1980; Brenner & Peterson, 1994; Peterson, 1994). In an idealized
Waltherian succession, restricted marine would take the place of the open marine facies when the
Sundance Sea’s connection with the Paleo-Pacific Ocean was cut off (Figure 11, Figure 3).
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Figure 11. Idealized Waltherian succession for the facies and subfacies of the Preuss Sandstone from the
center of the Utah-Idaho trough to the eastern margin of the retroarc basin. The six major facies are
represented by larger squares and rectangles. The subfacies are represented by smaller rectangles adjacent to
their related facies. Facies 1 and 2 are part of the marine group. Facies 3 is part of the coastal group. Facies 4,
5 and 6 are part of the terrestrial group. The subfacies of the open marine facies are stacked vertically to
suggest that their stacking patterns are dominated by the rise and fall of sea level. The subfacies of the
terrestrial facies are stacked horizontally to suggest that their stacking patterns are dependent on multiple
variables, including climate change, tectonic upheaval and change in sea level.

3.2.2 Coastal Facies Group
Facies 3: Coastal Sabkha
Coastal sabkhas form on supratidal surfaces in areas where net evaporation is high. Coastal
sabkha sediments are composed of marine muds washed onto the sabkha plain. Eolian sand and secondary
evaporite beds are also typical (Kinsman, 1969). The ratio of marine to eolian sediment varies from
sabkha to sabkha. Primary sedimentary structures in this facies are destroyed by the growth or dissolution
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of evaporite crystals. In a classic coastal sabkha, the volume of evaporite crystals is much higher than in
an inland sabkha. These crystals push the original sediment around and form a distinct chicken-wire
texture (Dalrymple & James, 2010).
In modern coastal sabkhas along the Trucial Coast, there are predictable bands of distinct facies,
allowing for the creation of an idealized Waltherian succession (Scholle et al, 1986). At the base of the
succession are intertidal microbial mats which are very distinctly laminated. Higher in the intertidal zone,
sediments spend more time subaerially exposed and gypsum begins to nucleate and disturb the microbial
mat laminae creating a gypsum mush. In the supratidal zone evaporite crystals are more dominant, and
tend to be anhydrite as opposed to gypsum in the intertidal zone. This is where the nodular chicken-wire
evaporites are deposited (Dalrymple & James, 2010).
The coastal sabkha facies have not been observed in outcrop or described in the subsurface for the
Preuss Sandstone; however, the other facies observable within the Preuss make it reasonable to predict the
occurrence of the coastal sabkha facies in some of the more basinward sections of the Preuss. It should
also be noted that not all coastal sabkhas fit the classic carbonate model; clastic coastal sabkhas have been
observed (Saleh et al., 1999).
3.2.3 Terrestrial Facies Group
Facies 4: Alluvial
Alluvial deposits in the Preuss Sandstone are analogous to modern alluvial fans and alluvial
plains that terminate in arid basins (Hampton & Horton, 2007; Fisher et al., 2008; Jennings, 2014;
Valenza & Morris, 2014). Alluvial deposits in this study area are predominately unconfined distal fan
deposits. Channelized deposits are rare. Alluvial sandstones in the Preuss are thin and often continue
laterally for hundreds of meters. The sandstones rarely scour or erode underlying beds. They are usually
interbedded with floodplain or sabkha deposits. Bedforms include planar laminations, ripple laminations,
low-angle trough cross-stratification and high flow regime flood deposits (Valenza & Morris, 2014).
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Deposits like these are characteristic of sheetflow-dominated alluvial systems, and can be observed in arid
basins with seasonal variations in precipitation (Hampton, 2007; Fisher et al., 2008). These sheetflow
deposits are often associated with terminal fans. Terminal fans are alluvial fans wherein flowing water
infiltrates or evaporates before flowing out of the system. Terminal fans can cover an area >100 km2
(Friend, 1977).
Modern analogous alluvial systems can be subdivided into three major facies belts: a proximal welldefined channel region (Appendix 7.2, subfacies 4a), a medial distributary zone (Appendix 7.2, subfacies
4b) and a distal unconfined, sheetflow-dominated region (Appendix 7.2, subfacies 4c) (Figure 11)
(Hampton, 2007; Fisher et al., 2008). The fluvial deposits in the Preuss Sandstone seem to predominantly
represent the distal sheetflow deposits.
Facies 5: Inland Sabkha
Inland sabkhas, also known as playas or salinas, form in low lying depressions where the water
table is at or near the surface. Sediment can accumulate as a result of intermittent flooding, or as a result
of adhesion of eolian silt or sand on the moist sabkha surface (Kinsman, 1969; Glennie, 1970; Glennie,
1987). Disturbed, “wispy”, wavy or flat-bedded thick siltstones or mudstones with isolated gypsum
nodules are typical of inland sabkhas (Appendix 7.2, Facies 5; Figure 11). Coastal sabkhas can be
differentiated from inland sabkhas by the presence of associated intertidal algal mats, chicken-wire
gypsum and diagenetic aragonite or calcite-replaced aragonite (Figure 11)(Kinsman, 1969). Inland
sabkhas lack preserved algal mats and marine carbonates.
The inland sabkha deposits of the Preuss Sandstone are characteristically mudstones that are deep
orange to maroon in color, with thin wisps of siltstone or sandstone. The bedding is often disturbed or
wavy. This wavy lamination is a result of mud-cracks, sheet cracks, desiccated salt crusts and growth
and/or dissolution of evaporite minerals (Dalrymple & James, 2010; Goodall et al., 2000). Compared to
modern inland sabkhas, gypsum nodules are rare in the Preuss Sandstone. This could be a result of a
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ground water table that is too deep to initiate evaporative pumping and evaporite nucleation and growth
(Dalrymple & James, 2010; Goodall et al., 2000). It could also be that the evaporites were moved or
dissolved during diagenesis. It is possible that some of what appear to be inland sabkhas in the Preuss
could be clastic coastal sabkhas. It is difficult to differentiate between a clastic coastal sabkha and an
inland sabkha in outcrop when the evaporites have been removed by diagenesis.
Facies 6: Eolian
In the Preuss, subfacies of the eolian facies include dune, interdune, sand-sheet and loess deposits
(Figure 11; Appendix 7.2, Facies 6). Dune deposits are characterized by relatively high angle trough
cross-stratification. Interdune deposits are characterized by thin, wavy, laterally extensive sandy or silty
laminae. These laminae are always associated with eolian dunes, and are herein interpreted as algal mats.
Sand-sheet deposits are thick, laterally extensive sandstones with planar to low angle laminae that are
interbedded with loess deposits. Loess deposits are typically massive, laterally extensive siltstone or very
fine sandstone associated with sand-sheets or dunes (Fryberger et al, 1983; Pye, 1995; Jennings, 2014).
Generally, the eolian facies becomes more dominant to the east, and pinches out to the west. The eolian
units in the Entrada Sandstone have been studied extensively (Kocurek, 1980; Kocurek & Dott, 1983;
Mariño, 1992; Crabaugh & Kocurek, 1993; Carr-Crabaugh & Kocurek, 1998; Monn, 2006; Makechnie,
2010; Hicks et al., 2010; Dossett , 2014; Jennings, 2014), however there has been less work done in the
Preuss (Kocurek, 1980).
An idealized succession of advancing eolian strata for the Entrada and Preuss Sandstone begins
with a loess deposit at the base, followed by sand-sheet and finally capped with dune and interdune
deposits (Figure 11; Appendix 7.2, Facies 6). Loess and sand-sheet deposits may occupy the same
stratigraphic position (Pye, 1995; Dalrymple & James, 2010; Jennings, 2014).
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3.3 Ideal Vertical Succession
An idealized vertical succession of facies for the Preuss Sandstone can be created based on
similar facies relationships in modern desert coastal environments (Figure 11) (Kinsman, 1969; Glennie;
1970; Glennie, 1987; Friend, 1977; Pye, 1995; Fisher et al., 2008; Dalrymple & James, 2010). The
Waltherian succession is useful in picking out important sequence-stratigraphic surfaces.
For the Preuss Sandstone there are three broad facies groups: terrestrial, coastal and marine
(Figure 11). Facies within each environment can occupy the same Waltherian height. Consequently,
interplay between facies within any of the three groups is not very useful in sequence stratigraphy
(Dalrymple & James, 2010; Colombera et al., 2015). There is one notable exception to this rule. Alluvium
shed off the Elko highlands can only advance east of the Utah-Idaho trough when all the accommodation
in the trough is filled. Therefore, marine rocks in the trough should be equivalent to inland sabkha or
eolian facies in the east, not alluvium. Thus, the presence of inland sabkha or eolian facies with a notable
absence of alluvium would suggest that sea level was high enough to prevent alluvium from advancing
across the trough, and can be used as a proxy for sequence-stratigraphic surfaces.
The Waltherian succession would look different on the western coast of the Utah-Idaho trough.
The alluvium shed off the highlands would advance through the coastal group and into the seaway,
creating fan-deltas. Due to the abundant sediment being transported on the west coast, carbonate coastal
sabkhas would not have existed; rather, any sabkha-like environment would have been a clastic coastal
sabkha.

3.4 Sequence Stratigraphy
Facies relationships in the sections measured in this study allow the first ever sequencestratigraphic interpretation for the Preuss Sandstone (Figure 12).
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Figure 12. Sequence-stratigraphic framework for the three Preuss Sandstone sections in Utah. The facies
relationships reveal a shorter third-order sequence overprinted on a longer second-order sequence. The
third-order surfaces cannot be reliably interpreted in the Manila section due to its distance from the seaway.
With increasing distance from the seaway, sea level exerts less and less influence on facies relationships. At
the Manila section too many variables besides sea level affect the stacking patterns of facies to reliably assign
sequence-stratigraphic concepts.

We picked sequence-stratigraphic surfaces within the terrestrial facies of the Hanna section. The
Waltherian succession of facies for the Preuss Sandstone places all of the terrestrial facies at the same
position, suggesting that any of the three terrestrial facies could occupy a given geographic location. In a
simplified model this is true, but when we take paleogeography into account the alluvial facies is limited
to the western side of the Utah-Idaho trough when there is a marine incursion. It is reasonable to presume
that the alluvium, which is sourced from the highlands in the west, would not be able to advance east of
the Utah-Idaho trough until all accommodation was filled. Therefore, when rocks from the marine facies
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group are present in the Peoa section (which is located in the trough), there should be a lack of alluvium
in the eastern sections which are out of the trough. The Hanna section is a good example of this principle.
The basal 25 meters are alluvial (Appendix 7.1.2, units 1-3), and correlate to alluvial units at the base of
the Peoa section (Appendix 7.1.1, units 1-17). Directly on top of the basal alluvium in Hanna is a thick
section of inland sabkha deposits (Appendix 7.1.2, units 4-9) which can be correlated to marine deposits
in Peoa (Appendix 7.1.1, units 19-29). In Hanna, deposition switches back to alluvial at the top of the
Hanna section (Appendix 7.1.2, units 10-49). The transition from inland sabkha deposits to alluvial
deposits in Hanna correlates with the transition from marine deposits to alluvial deposits (Appendix 7.1.1,
units 31-49) in Peoa.

4. DISCUSSION
4.1 Petroleum System Analysis
The vast majority of petroleum-focused research for the Preuss Sandstone and the Entrada
Sandstone has been focused on exposures outside of the Utah-Idaho trough, though the trough is the most
promising petroleum system. In the right conditions, the basinward facies of the Preuss Sandstone could
be a total petroleum system that includes reservoir rocks, a seal, and a variety of trapping mechanisms
(Table 1).
Important source rocks for the Preuss Sandstone petroleum system were taken from a petroleum
potential report for the Wyoming-Utah-Idaho Sevier thrust belt (Powers, 1983). The limestone and shale
of the Darby Formation are unproven but potential source rocks. Proven source rocks in the area include
the Madison Group, the Phosphoria Formation, Twin Creek Limestone, Bear River Formation, the Aspen
Shale, the Frontier Formation and the Hilliard Shale. It is possible that during the time of Preuss
deposition, the Darby, Madison and Phosphoria were already generating oil, but unlikely that they would
have hit peak oil (Table 1). Utah was tectonically very quiet throughout the Paleozoic and Triassic, and
29

migration from Paleozoic sources into the Preuss would be difficult until the Sevier thrusting would open
up migration pathways in the Late Cretaceous; however, the Twin Creek is directly beneath the Preuss,
and could have charged the Preuss since the onset of Twin Creek catagenesis was in the Cretaceous.
Although the Cretaceous shales are stratigraphically higher than the Preuss, there is enough tectonic
upheaval in the thrust belt to postulate that oil from Cretaceous shale could migrate into thrusted Preuss
traps.
It is likely that the Preuss Sandstone petroleum system would be sealed by the inland sabkha,
coastal sabkha, loess, or unconfined alluvial facies. If the facies of the Preuss failed to seal the system, the
Stump is often shale and could also act as a seal.
Several facies within the Preuss could act as potential reservoirs. With up to 21% porosity and
100 mD permeability, the eolian facies is the most obvious reservoir in Utah (Appendix 7.3.2). The eolian
facies are generally farther from the trough, where most of the potentially important source rocks are
better developed. Further north in the Utah-Idaho trough, the marine limestone could be thick enough to
merit exploration. Although our porosity and permeability measurements don’t show the open marine
facies to be a favorable reservoir, it is entirely possible that the open marine facies could be a good
reservoir in other parts of the Preuss (Appendix 7.3.2). Also, stacked channels and distributary channels
in the alluvial facies show good reservoir characteristics in central and southern Utah (Jennings, 2014).
When sea level is low, these alluvial facies may have advanced into the trough, thus interfingering with
the open and restricted marine facies.
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Table 1. Petroleum system events table for a hypothetical play in the Utah-Idaho trough near the Utah-Wyoming border. The stratigraphy is based on
subsurface well data in the Anschutz Ranch area (Hintze & Kowallis, 2009). For hydrocarbon generation calculations, an average surface temperature
of 13°C and a geothermal gradient of 2.6°C/100m (1.4°F/100ft) was assumed based on nearby geothermal gradients in the Green River Basin (Finn,
2005). The average formation thickness from Hintze & Kowallis (2009) was used to calculate overburden. Catagenesis is assumed to begin at 60°C, with
peak oil generation at 90°C that cuts out at 130°C and peak gas at 150°C. Petroleum was likely being generated before, during and after Preuss
deposition. Stratigraphic traps were created during deposition, allowing for charge soon after deposition.
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There are two major trapping mechanisms for the Preuss Sandstone petroleum system. The first
type of hydrocarbon trap in the Preuss is a combination trap. Reservoir quality sandstone or limestone
pinches out into impermeable mudstone or shale in the Preuss/Entrada system (Mariño & Morris, 1996).
Along the southern flank of the San Rafael Swell, a stratigraphic pinch out of eolian sandstone into
impermeable inland sabkha deposits created a stratigraphic trap that is now exposed. Dead oil was found
along the pinch out (Jennings, 2014).
The second type of hydrocarbon trap in the Preuss is a structural trap. The basal salt in the Preuss
has undergone salt tectonics, creating intense folding and deformation associated with salt movement.
These structures have the potential to create a plethora of effective traps. Tectonic upheavals since the
deposition of the Preuss Sandstone have also created a multitude of structures that have folded, thrusted
and rifted the Preuss. Sevier and Laramide structural deformations have affected the Preuss, and could
potentially create working hydrocarbon traps.
4.1.1 Limitations
The Preuss Sandstone petroleum system has all the elements of a working hydrocarbon system,
but at the time of this study has failed to produce commercial hydrocarbons. A major factor limiting the
economic viability of pursuing Preuss hydrocarbon plays is reservoir connectivity. The reservoir facies in
the Preuss Sandstone are typically thin to medium bedded, and interbedded with impermeable mudstone.
Mudstones create a major barrier that would seriously affect connectivity. The eolian facies that becomes
more prevalent to the east is a notable exception to this problem. The dune and interdune facies in the east
can be tens of meters thick, with no obvious reservoir partitioning. Also, in the northern parts of the UtahIdaho trough, limestones become more dominant and thick bedded, potentially solving the connectivity
issue.
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4.2 Paleogeography
The depositional model for the Preuss and Entrada Sandstone has implications for the
paleogeography of western North America during the Callovian Age and the sequence-stratigraphic
framework for the Preuss Sandstone (Figure 13). In Jennings’ (2014) model, the seaway doesn’t extend
into Utah. Based on his research in the Entrada, he believed that Utah was entirely terrestrial (Jennings,
2014). Based on marine limestone in Peoa, we now know that the seaway did extend into Utah during
highstand times. Older paleogeographic reconstructions show the Sundance Sea covering much of Utah
during the Callovian Age (Peterson, 1994; Blakey & Ranney, 2008; Hicks et al., 2010). This model is
based on the hypothesis that the “earthy facies” were marine in origin. Our research suggests that the
seaway was much more limited in extent than these earlier models suggest.
Notable topographic highs in our paleogeographic model include the Elko highlands on the
western continental margin, the ancestral Rockies in the eastern part of the retroarc basin, and the
Mogollon slope and rift to the southwest of the basin. We portray the Utah-Idaho trough as a deep seaway
that shallows towards the Boulder High, suggesting that it could be restricted during lowstand.
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Figure 13. Paleogeographic reconstruction of western North America during the Callovian Age. This map
represents the third-order highstand within the Preuss Sandstone. Note the Utah-Idaho trough. It is
important to note that during most of the deposition of the Preuss, sea level would have been much lower and
the seaway would not have extended as far south into Utah.
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4.3 Analogs
4.3.1 Modern Analog
The best modern analog for the Preuss depositional system is the foreland basin of the Zagros
fold and thrust belt in Iran, including the Persian Gulf and eastern Iraq (Figure 14). The crustal thickening
of the active Zagros mountain belt has loaded the crust and generated a foreland basin, similar to what the
Elko orogenic belt did during the Jurassic (Powers et al., 1966). The facies model of the Preuss Sandstone
is identical to the facies model for the Persian Gulf, with the exception of the restricted marine facies. The
open marine facies in the Preuss would have been deposited in an environment very similar to the Persian
Gulf. The alluvial facies is limited to the orogeny side of the basin during times of marine incursion, just
like the Preuss Sandstone. Away from the influence of the alluvium on the stable craton side of the basin
coastal sabkhas, inland sabkhas and active ergs abound.

Figure 14. Facies map of the Persian Gulf region. The colors used are analogous to the facies colors for the
Preuss Sandstone (See Figure 11). It is important to note that the fluvial and highland facies have not been
described in the Preuss Sandstone. Notice how alluvium shed off the thrust belt is limited to the northeastern
side of the basin by the Persian Gulf and Tigris and Euphrates Rivers, just like the Preuss Sandstone (Fig 15).
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4.3.2 Jurassic Norphlet Formation Analog
Many of the most prolific oil and gas reservoirs on earth were deposited in an arid environment
similar to the Preuss Sandstone. The petroliferous Norphlet Formation of the Gulf Coast is very similar to
the Preuss (Tew et al., 1991). The Norphlet was deposited in a rift basin during the Oxfordian Age (Late
Jurassic). The facies of the Norphlet Formation are nearly identical to the Preuss; however, there is a
different Waltherian succession (Manicini et al., 1985). Sediment was shed as alluvium from the southern
Appalachian structural high into the rift basin. The most landward facies is alluvial, with a similar
subfacies stacking pattern as the Preuss (Figure 15). The alluvium interfingers with inland sabkha
deposits which grade into eolian sands. The eolian sands interfinger with marine deposits to the south
(Figure 15). The relationship of facies groups in the Norphlet Formation should be identical to the Preuss
Sandstone. The marine group should be the most basinward, followed by the coastal group and finally the
terrestrial group being the landward endmember.

Figure 15. Comparison of facies between the Preuss Sandstone (left) and the Norphlet Formation (right). No
coastal sabkha is described in the Norphlet Formation, though its presence is certainly possible.
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4.3.3 Martian Analogs
The Preuss Sandstone can also be a useful analog for extraterrestrial depositional environments.
For example, recent findings from the Mars Reconnaissance Orbiter (MRO), Curiosity Rover and the
Mars Exploration Rovers (MER) suggest that earlier in Martian history, some depositional environments
on Mars were very similar to arid, evaporitic environments like the Preuss (Forsythe & Zimbelman, 1995;
Catling, 1999; McLennan et al., 2005; Barbieri et al., 2006; Blake et al, 2013; Williams et al., 2013; Grant
et al., 2014; Grotzinger et al., 2014; Grotzinger et al., 2015).
Every facies represented in the Preuss Sandstone has been observed on Mars, with the exception
of coastal sabkhas. The subfacies for the Preuss Sandstone are also present, except for marine carbonates
and algal mats (Figure 16, 17).

Figure 16. Idealized Waltherian succession of Martian Facies in Gale Crater. Note the absence of coastal
sabkha and limestone. The fan delta facies is prevalent in Gale Crater, suggesting that sediment from alluvial
fans made it into the lake. A Waltherian succession for the western coast of the Preuss system would look
identical to this Martian analog, with the exception of the eolian facies. The Inland Sabkha facies has not yet
been observed in the crater, but it is reasonable to predict its occurrence higher in the section.
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The Martian Bradbury Group in Gale Crater is described as predominantly lacustrine shale and
alluvial sandstone, with minor eolian beds. The alluvial clastics in Gale Crater include conglomerates,
pebbly sandstone, stratified and cross-stratified sandstone and deltaic clinoforms (Grotzinger et al., 2014;
Grotzinger et al., 2015). The Bradbury Group is a mix of Facies 1, 4 and 6.
The Murray Formation is time-equivalent to parts of the upper Bradbury Group (Grotzinger et al.,
2015). It represents the basinward fine-grained deposits of the alluvial facies within the Bradbury Group.
The Murray Formation consists of millimeter-scale laminated mudstones, and is interpreted as being
lacustrine shale (Grotzinger et al., 2015). The color, grain size and geomorphic expression are very
similar to the inland sabkha facies in the Preuss Sandstone; however, the laterally continuous

Figure 17. Block diagram showing the facies of Gale Crater on Mars. Note the absence of the restricted
marine and coastal sabkha facies (facies 2 and 3).
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laminations make it unlikely that it was deposited in an evaporitic inland sabkha. The growth and
dissolution of evaporites would disturb any laterally continuous laminae like the ones we see in the
Murray Formation. It is more likely that these laminae formed in a quiet lacustrine environment.
To date, no sabkha deposits have been described in Gale Crater, but evidence for their ancient
existence has been described elsewhere (Forsythe & Zimbelman, 1995; Catling, 1999; McLennan et al.,
2005; Barbieri et al., 2006). As the Curiosity Rover climbs up through Gale Crater Stratigraphy, the
likelihood of observing sabkha deposits increases. When the lower strata of Gale Crater were being
deposited, the crater walls were pronounced highs relative to the crater floor, favoring fluvial and
lacustrine processes. As the crater filled with sediment, the height of the crater walls relative to the crater
floor decreases. With this decrease, the alluvial and lacustrine influence should decrease, increasing the
likelihood for environments that would allow sabkha or inland sabkha facies deposition. If evaporitic
sabkha deposits are observed in Gale Crater, they would likely be made of jarosite, Mg and Ca-sulfates,
chlorides, and Fe and Na sulfates, like evaporites observed elsewhere on Mars (Barbieri et al., 2006).
Eolian processes are dominant on Mars today and also played a major role in the past (Blake et
al., 2013; Essefi, 2014; Grotzinger et al., 2015). In Gale Crater, there are occasional eolian beds
interbedded with the lacustrine and alluvial beds. Outside of lacustrine basins like Gale Crater, eolian
units are likely more dominant.
4.3.4 Titan Analog
Saturn’s moon Titan is another analog for the Preuss Sandstone. NASA’s Cassini spacecraft has
studied Titan in more detail than any other spacecraft. Perhaps the most important discovery on Titan is
that it has an active hydrologic system with liquid hydrocarbons filling a similar role as water on Earth’s
hydrologic system (Stofan et al., 2007; Brown et al., 2008). So far all of the original depositional
environments for the Preuss Sandstone have been observed on Titan, including seas or lakes, sabkhas,
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alluvial systems and eolian dunes (Lorenz et al., 2006; Brown et al., 2008; Jaumann et al., 2008; Barnes et
al., 2011; Barnes et al., 2015; Radebaugh et al., 2016).
While Titan’s chemistry is very different than Earth’s, the Preuss Sandstone may be a useful
outcrop-based analog for depositional processes observed on Titan. Unfortunately, there are no rovers on
Titan, and without direct observations from the surface, speculation is required. However, NASA’s
Cassini spacecraft has made some important observations that suggest that there are many similarities
between Titan and the Jurassic retroarc basin (Figure 17).
In order to have a system similar to the one responsible for depositing the Preuss Sandstone,
certain conditions are required. First, there has to be a system in which liquids interact with the
atmosphere, or a hydrologic system. Second, the environment must be arid but have a water table above
or just below the surface to facilitate evaporation. Finally, sediment has to be transported into a basin via
alluvial and eolian processes. All of these conditions are met on Titan, though it is unknown whether or
not all of these conditions are met in the same location.
Titan’s polar regions are host to standing hydrocarbon lakes (Stofan et al., 2007; Brown et al.,
2008). Though the chemistry is different than Earth’s, it is reasonable to expect coarser clastic deposits
analogous to sandstones in high energy environments such as coastlines and fine-grained clastic deposits
in low energy environments such as the depths of a hydrocarbon lake.
Probable evaporitic deposits have been observed in Titan’s south polar region in basins that
appear to have once been filled with lakes (Barnes et al., 2011). Other evidence for probable evaporitic
environments includes a retreating shoreline on Ontario Lacus in the southern hemisphere (Turtle et al.,
2011). It is difficult to know exactly how Titan’s evaporitic deposits would compare with terrestrial
deposits, but it’s reasonable to guess that similar depositional processes would generate similar deposits.
Titan’s equatorial region is host to a massive eolian dune field that circles the entire moon
(Lorenz et al., 2006). The presence of eolian dunes suggests an arid environment where evaporitic
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processes may occur if the water table is close enough to the surface. A new theory suggests that one
possible source of the wind-blown sediment could be evaporitic inland sabkhas, similar to the dunes in
White Sands, New Mexico (Barnes et al., 2015).
Titan’s dynamic hydrologic system also produces erosional and depositional alluvial deposits.
Alluvial features are present all over Titan, suggesting that all parts of the moon receive episodic
precipitation (Jaumann et al., 2008; Turtle et al., 2011; Radebaugh et al., 2016).

Figure 18. A) Cassini synthetic aperture radar (SAR) image of the Elivagar Flumina alluvial system. The
bright channels originate in the highlands adjacent to the rim of the Menrva impact crater. The channels
strike roughly southwest and deposit sediment in a basin at the top right of the image. B) Interpretation of the
likely facies represented in the radar image. Compare with Figure 3, 11 and 13. Titan would likely have a
waltherian succession of facies very similar to that of Mars (Figure 16). While there is no methane lake here,
similar environments could include lacustrine facies.
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5. CONCLUSIONS
This study refines existing depositional, facies and sequence-stratigraphic models of the Preuss
Sandstone. The results of this research should alter how we think about the Jurassic retroarc basin in
western North America. Some important conclusions from this study include:


When the sea level was high, alluvium shed from the Elko highlands was limited to the western
side of the Sundance Sea. This separation of the terrestrial group into western and eastern facies
can be used to pick sequence-stratigraphic horizons in the right setting.



In our sections, the Preuss Sandstone thickens from the east in Manila at 69 meters to the west in
Peoa at 373 meters. Our study supports the existing model of an asymmetrical retroarc basin, with
the trough on the western edge of the basin.



Sequence-stratigraphic relationships that are interpretable adjacent to or within the Utah-Idaho
trough become difficult to interpret outside of the trough.



Facies associations in similar environments lead us to predict the occurrence of coastal sabkha
facies along the eastern coast of the Sundance Sea.



The Preuss Sandstone has potential as a working petroleum system. The most promising
petroleum system in the Preuss lies within the Utah-Idaho trough. The trough has the best
combination of elements for a working petroleum system, especially source and reservoir rocks.



There is a close relationship between the facies of the Preuss Sandstone and the facies of the
Persian Gulf.



The petroliferous Norphlet Formation and Preuss Sandstone were deposited in very similar
depositional and tectonic settings. The Preuss Sandstone and Entrada Sandstone could be used as
an outcrop-based analog for the Norphlet.
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Planetary scientists should consider studying the Preuss Sandstone and the Entrada Sandstone as
analogs for Martian and Titanian deposits. An outcrop based terrestrial analog for extraterrestrial
deposits would be a useful model for planetary scientists to have in mind.

With the conclusion of the study the Preuss Sandstone has been described in more detail than ever
before. While this study offers a refreshed view of the academically neglected Preuss Sandstone, there is
still valuable work that needs to be done. Future research in the Preuss Sandstone should include an in
depth study of Preuss salt tectonics in western Wyoming and eastern Idaho, a detailed sedimentological
study of facies relationships within the Utah-Idaho trough, a subsurface project focused on understanding
facies transitions between the sparse Preuss outcrops, and a more detailed evaluation of the
Preuss/Entrada system as an outcrop analog for extraterrestrial processes.
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7. APPENDIX
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7.3 Sample Analysis
7.3.1 Synthetic Gamma Ray Log
The radiation measurements from the Manila section were converted to API gamma ray (GR)
units and plotted to imitate a subsurface GR log for future subsurface to outcrop studies (Figure A). This
is the first published synthetic gamma ray log for the Preuss Sandstone.

Figure A. Synthetic GR log for the Manila section of the Preuss Sandstone. The measurements begin in the Twin Creek
Limestone and end a few meters above the base of the Stump Formation. Facies represented in this log include inland
sabkha, dune/interdune, sand-sheet, and loess. The flat portions of the log represent thick, homogeneous units. Fewer
measurements were taken in these units.
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7.3.2 Porosity and permeability
For porosity and permeability analysis, we chose to use samples from the most promising
reservoir facies in the Preuss Sandstone. Most of the samples were taken from the major eolian bed in the
Manila section. We also analyzed one sample from the alluvial and marine facies in Peoa, respectively
(Figure B).

Figure B. Porosity-permeability cross-plot for select Preuss Sandstone samples. Most samples follow a predictable trend.
U-M-ALB, U-M-25A, and U-M-5 do not plot on the trend. For U-M-ALB, the algal matting is well defined, and could
possibly present a permeability baffle or barrier.
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